Insular populations typically occur at higher densities, have higher survivorship, reduced fecundity, decreased dispersal, and reduced aggression compared to their mainland counterparts. Insularity may also affect mating system and genetic population structure. However, these factors have not been examined simultaneously in any island vertebrate. Here we report on the ecological, behavioural and genetic characteristics of a small carnivore, the island fox Urocyon littoralis, from Fraser Point, Santa Cruz Island, California. Dispersal distances in island foxes are very low (mean 1.39 km, sd 1.26, range 0.16±3.58 km, n = 8). Home-range size is one of the smallest (mean annual home range = 0.55 km 2 , sd 0.2, n =14) and density is nearly the highest recorded for any canid species (2.4±15.9 foxes/km 2 ). Similar to other fox species, island foxes are distributed as mated pairs that maintain discrete territories. Overlap among mated pairs was always high (mean 0.85, sd 0.05), while overlap among neighbours (mean 0.11, sd 0.13), regardless of sex, was low. Despite this high degree of territoriality, island foxes are not strictly monogamous. Four of 16 offspring whose parents were identi®ed by paternity analysis were a result of extra-pair fertilizations. Mated pairs were unrelated, however, suggesting inbreeding avoidance. Substantial population differentiation was found between the Fraser Point subpopulation and one only 13 km away (F st = 0.11). We suggest that the primary effect of ®nite island area is to limit dispersal, which then in¯uences the demography, behaviour and genetic structure of island fox populations.
INTRODUCTION
The ecology of insular and mainland vertebrate populations differs because the ®nite area of small islands constrains demographic factors, such as dispersal distance and gene¯ow, and the simple structure of island communities diminishes biological interactions, such as interspeci®c competition and predation (Stamps & Buechner, 1985; Adler & Levins, 1994) . Compared to their mainland counterparts, island populations typically have higher and more stable population densities, increased survivorship, reduced fecundity and decreased dispersal distances (Adler & Levins, 1994) . In addition, changes in social ecology including reduced aggression towards conspeci®cs, reduced territory size, increased territory overlap with neighbours, and an abandonment of territoriality may occur (Stamps & Buechner, 1985) . The body-size changes that often accompany isolation on islands has further implications for home-range size and mating system (Moehlman, 1989; Geffen & Macdonald, 1992; Geffen, Gompper et al., 1996) . Finally, large mammals are likely to be more severely affected by the ®nite area of islands because movements and homerange size are correlated with body size (Harestad & Bunnell, 1979) .
In this study, we assess ecological, behavioural and genetic effects of insularity in the island fox Urocyon littoralis, a dwarfed descendant of the mainland grey fox U. cinereoargenteus that is found on six channel islands located 30±98 km from the coast of southern California (Fig. 1) . Molecular genetic studies have established that the island fox diverged recently from the mainland grey fox, probably < 20 000 years ago (Gilbert et al., 1990; Wayne et al., 1991; Goldstein et al., 1999) , and have supported its current classi®cation as a separate species (Wilson & Reeder, 1993) .
We make four predictions regarding differences between island foxes and their larger mainland relative, the grey fox. First, because dispersal opportunities on small islands are more limited than on the mainland, the mean and variance of dispersal distance necessarily will be smaller for island foxes than for mainland canids of similar body size. None of the Channel Islands is > 38 km long and 12 km wide. Long-range dispersal is not a possibility for island foxes. Second, we hypothesize that shorter dispersal distances may also lead to higher local levels of kinship and a greater degree of population substructure (Stamps & Buechner, 1985; Adler & Levins, 1994) .
Third, island foxes should have home ranges smaller than grey foxes in accordance with home-range/bodysize relationships (Gittleman & Harvey, 1982) and limited dispersal opportunities (Adler & Levins, 1994) . Moreover, home-range overlap should be greater and territoriality either reduced or absent (Stamps & Buechner, 1985) .
Fourth, a unique feature of islands is the closed nature of the breeding pool, which predicts that inbreeding avoidance behaviour may be more pronounced in island vertebrates. Molecular genetic studies have demonstrated that island foxes are much lower in genetic variability than their mainland counterparts. The foxes on San Nicolas Island are the most monomorphic wild population known; all sampled individuals have identical multilocus ®ngerprints and microsatellite pro®les (Gilbert et al., 1990; Goldstein et al., 1999) . A reduction in genetic variation is expected to have effects on ®tness through increased ®xation of deleterious alleles and a reduction in heterozygosity (Mitton, 1993) . Consequently, selection might act to purge the population of deleterious alleles, in which case, incestuous matings may increase as the ®tness of inbred matings equals or surpasses that of outbred matings (Lynch, 1977; Templeton & Read, 1983) . In the extreme, for populations with genome wide monomorphism such as those on San Nicolas Island, there should be little selection for inbreeding avoidance. However, in larger island populations, such as that on Santa Cruz Island, levels of genetic variation are higher, and inbreeding avoidance may still be an important strategy that reduces the effects of inbreeding depression. In this study we test these predictions by a simultaneous examination of dispersal, spatial distribution, relatedness and paternity in a population of island foxes on Santa Cruz Island (Fig. 1) . We assess the effect that the ®xed island boundaries have on dispersal and homerange size through radiotelemetry, capture±recapture data, and an examination of population genetic structure. We determine patterns of relatedness among foxes within a single area and among mates, and evaluate paternity through an analysis of 10 microsatellite loci. We assess whether island fox home ranges are smaller than predicted by allometric considerations and evaluate and contrast the mating system of island foxes to other canids. Our results show that island foxes have diverged from other mainland foxes in aspects of their demography, social ecology and genetic structure. A primary cause of this divergence is the limited dispersal opportunities imposed by the small size and ®xed perimeter of the island.
Study site
The study was conducted over a 5 km 2 area at Fraser Point, on the extreme western end of Santa Cruz Island, Santa Barbara County, California, U.S.A. (3480'N, 119845'W; Fig. 1 ). Elevation ranges from 0 to 250 m. Fraser Point is an open grassland mosaic with terraces dominated by introduced European grasses (Bromus sp., Avena sp., Hordeum sp., Lamarkia aurea and Lolium sp.) and native perennial grasses (Nassella sp.) and forbs. Ravines are dominated by coastal-bluff scrub and coastal-sage scrub habitats. For a complete description of climate, physiography, and vegetation see Junak et al. (1995) .
METHODS

Capture±recapture and radiotelemetry
Foxes were captured using welded-wire, single-door cage traps (National Trap Company, Wisconsin, U.S.A.) arrayed in a rectangular grid. Each fox was marked with a uniquely coded plastic ear tag (Rototag, Nasco-West, California, U.S.A.) and sex, weight, age, reproductive status and overall health were recorded. Relative age was determined by molar wear (Wood, 1958) . Before release, 5±10 ml of blood was drawn from the femoral vein or artery. Because island foxes are extremely docile compared to other canids (Laughrin, 1977) , the entire procedure could be conducted without anaesthesia and lasted only 7±20 min. Our capture and handling protocol was sanctioned by the Institutional Animal Care and Use Committee of the University of California, Santa Barbara and by a Memorandum of Understanding with the California Department of Fish and Game.
From August 1993 to September 1995, 62 individual foxes were captured 874 times over 2520 trap nights.
A social group was de®ned as an adult male and female fox and juveniles that occupied the same range. Our study then focused on 32 foxes belonging to 11 social groups. These foxes were trapped monthly from August 1993 to September 1995 to determine reproductive status and residency, and were captured a mean of 22.3 times (sd 16.5).
All foxes of the 11 social groups were ®tted with radio-collars (Communications Specialists, California, U.S.A.) after they reached adult weight. To describe the spatial distribution of social groups radio-collared foxes were monitored from November 1993 until December 1994. Monitoring was split into 3 periods that corresponded with the reproductive chronology of foxes. Adult male island foxes become increasingly aggressive in winter (December±February) patrolling their territories before the mating season. Mating occurs in early to mid February with females giving birth in early April. Pups are weaned by July and reach adult weight by mid November, by which time they are independent of parental care (Garcelon et al., 1999) . Period 93 (November 1993±March 1994 depicted the spatial distribution during the 1993±94 breeding season; period 94 (April±August 1994) corresponded to the period of parturition and pup dependence; and period 95 (September±December 1994) depicted the period of pup independence and an increase in male aggression resulting from the onset of the next breeding season.
The adult pair of each social group were followed for a single evening each month for 12 consecutive hours from 16:00 to 04:00. We attempted to obtain ®xes every 15 min yielding a maximum of 48 ®xes per fox per night of tracking. The location of foxes was determined by observation, often with the aid of a¯ashlight, or using short-range triangulation. Foxes became habituated to this procedure and were often followed at distances of < 20 m without apparent disturbance. Locations were marked with pin¯ags and subsequently recorded on a topographic map. Foxes were located opportunistically at other times of the day.
Spatial distribution, range overlap and dispersal
Range size was estimated using the 95% minimum convex polygon (MCP) method to exclude outliers (G. C. White & Garrott, 1990) . We chose the MCP method because it accurately delineates the boundaries of a convex range and is relatively insensitive to variation in the number of ®xes provided that an adequate number of ®xes is obtained (Kenward, 1992) . Based on simulation analyses of range size, between 100 and 200 ®xes are needed to reach an asymptotic range size (Bekoff & Mech, 1984) , a result supported by ®eld studies (e.g. Geffen, Hefner et al., 1992b; Macdonald & Courtenay, 1996) . We determined the number of ®xes needed to reach an asymptotic range size based on 10 ranges delineated with c. 200 ®xes (mean 206, sd 18). Home-range size for these 10 ranges reached a plateau between 70% and 90% (mean 77.2%, sd 6.6%) of the total range, requiring a mean of 86 ®xes (sd 38). For island foxes, the average number of ®xes used to calculate home-range size for periods 93, 94 and 95 was 125 (n = 38, sd 40), 176 (n = 57, sd 61) and 98 (n = 27, sd 30), respectively. WILDTRAK was used (Todd, 1992) to estimate all home-range parameters.
Home-range overlap was compared among mated pairs, and among neighbouring individuals of the same and opposite sex. Mean overlap was calculated using an index that varies between 0 and 1, with 1 indicating complete overlap (Minta, 1992) .
where HR overlap is the area (km 2 ) of overlap between 2 home ranges for animals A and B, whereas HR of A and HR of B are the home-range sizes of animals A and B, respectively. Differences in overlap between social classes were evaluated with a Mann±Whitney U-test (Sokal & Rohlf, 1981) . In addition to determining range size and overlap using radiotelemetry ®xes, the number of captures occurring within a delineated home range of an individual were compared with captures occurring outside their range. w 2 was used to test for a difference in capture percentage using an expected value of captures within a home range to be 95% of all captures. If foxes are territorial and the home-range estimate based on radiotelemetry ®xes is accurate, then we expected only 5% of all captures to occur outside this delineated range.
Dispersal distance was de®ned as the distance separating the arithmetic centres of pre-and post-dispersal home ranges. If accurate home-range estimates had not been made after dispersal, the distance between the arithmetic centre of the pre-dispersal home range and the farthest post-dispersal location was used as the dispersal distance.
Laboratory methods
DNA was extracted from tissue or isolated white blood cells using a standard proteinase K digestion followed by phenol/chloroform/isoamyl alcohol extraction (Sambrook, Fritsch & Maniatis, 1989) . The extracted DNA was ethanol precipitated and resuspended in 16TE (pH 7.0). Only 10 of 19 unlinked loci previously used in island foxes (Goldstein et al., 1999) were polymorphic in the Fraser Point sample. These loci were labelled and ampli®ed using the polymerase chain reaction as follows: (1) labelling ± 20 pmol of one primer was endlabelled by incubating at 37 8C for 40 min with 2 mCi [g 32 P] dATP, 2.5 ml of T4 polynucleotide kinase buffer, and 1.2 ml of diluted (1: 4) T4 polynucleotide kinase in a total volume of 25 ml (Sambrook et al., 1989 ). The enzyme mix was then denatured by heating to 94 8C for 5 min; (2) ampli®cation ± the labelled and unlabelled primers (20 pmol) were mixed with 50 ng of genomic DNA, 0.2 mm DNTP, 2 mm MgCl 2 , 16Thermo DNA reaction buffer and 0.8 ml of Taq DNA polymerase in a reaction volume of 25 ml. Twenty-®ve to 32 cycles of ampli®cation were done in a Perkin-Elmer Cetus 9600 DNA Thermal Cycler with initial denaturation at 94 8C for 5 min, followed by cycles of denaturation at 94 8C for 45 s, annealing at 45±55 8C for 45 s, and polymerization at 72 8C for 1 min. Annealing temperatures were optimized for each primer pair, and the last cycle was followed by an additional extension period at 72 8C for 5 min.
After ampli®cation, 3 ml of the reaction mix were mixed with 2 ml of formamide loading dye and heat denatured at 94 8C for 5 min. Three ml of the denatured product was then loaded onto a 6% polyacrylamide pre-mixed sequencing gel with TBE buffer (Sequagel, National Diagnostic), and subjected to electrophoresis for 2±4 h at 55 W. A non-recombinant M13 control sequence was run on each gel as an absolute size standard allowing comparisons between samples on different gels. After gels were ®xed to Whatman paper by drying under vacuum at 80 8C for 1.5 h, microsatellite alleles were visualized by exposure to autoradiographic ®lm for 12±24 h.
Paternity exclusion and likelihood analysis
Paternity exclusion followed the approach outlined in Chakraborty, Meagher & Smouse (1988) and Chakravarti & Li (1983) and as exempli®ed in Morin et al. (1994) . For paternity exclusion, the genotypes of a mother were ®rst compared with her offspring and then the non-maternal alleles compared with the genotypes of all adult males present during the year the offspring was born. A male was excluded as a potential father if a single non-maternal allele was not found in the putative father. These comparisons were done over 3 breeding seasons (1993±95) for all 62 foxes captured. We assumed that the adult female was the mother of a juvenile caught in her territory. When the mother was unknown (e.g. offspring born to uncollared adults), we used a computer program written by E. Geffen (Tel Aviv University) that searched for excluding alleles between all possible mother±offspring combinations.
Paternity exclusion probabilities (PE) were calculated for each locus/year combination as follows: E(PE) = 1 7 2a 2 + a 3 + 3(a 2 a 3 7 a 5 ) 7 2(a 2 2 7 a 4 ) where a n = Sp i n , p i is the frequency of codominant allele i and Sp i = 1 (Chakravarti & Li, 1983) . Because this relationship assumes allelic frequencies are not signi®-cantly different between adult males and females, frequency differences were evaluated between sexes by a w 2 analysis using the female frequency as expected and male frequency as the observed values (Sokal & Rohlf, 1981) . When allele frequencies between the sexes were signi®cantly different for a particular locus (only 3 loci differed out of the 30 combinations) calculations were corrected as outlined in Chakraborty et al. (1988) . The qF F oemer et lFcombined probability of exclusion [PE(C)] for all loci was then determined as:
where PE l is the exclusion probablity of the lth system (Chakraborty et al., 1988) .
These calculations are based on a panmictic breeding population and if 1 or both sexes are philopatric, or if the population is geographically restricted, ®rst-order relatives may be misclassi®ed as parents (Double et al., 1997) . Thus we also calculated the probability of excluding a ®rst-order relative (r = 0.5) as:
where Erel l = E(PE l )(1 7 r) and r = 0.5 (Double et al., 1997) .
When paternity exclusions alone failed to identify 1 male as the father, paternity was evaluated using a likelihood approach and the PC program CERVUS (Marshall et al., 1998) . CERVUS calculates loglikelihood ratios (LOD scores) among all candidate males and evaluates their signi®cance by determining a critical likelihood difference, or Delta value, at varying degrees of statistical con®dence. Delta values are determined through simulation using the allele frequencies of the population being examined. In brief, this is accomplished by ®rst determining the likelihood that a speci®ed male was a parent given the genotypes of the offspring, the mother and the potential sire, and comparing this likelihood to that representing a randomly chosen male. This likelihood ratio simpli®es to the following form:
where L(H 1 ) and L(H 0 ) represent the likelihood of the candidate male and a randomly chosen male and g p , g m , and g a are offspring, maternal and putative paternal genotypes, respectively. Likelihood ratios are calculated for each locus and the natural logarithm of the product across all loci is the LOD score (Meagher, 1986) . CERVUS generates offspring, maternal, true paternal and unrelated male genotypes using the allele frequency data from the sample population. A critical difference in LOD score, the Delta value, was determined by generating a distribution of Delta values for simulated true fathers and non-fathers using 10 000 simulation cycles and a possible 40 candidate males.
Inbreeding and an evaluation of the coef®cient of relatedness
To assess the frequency of incestuous matings and the kinship structure of the population, we calculated the Queller & Goodnight (1989) coef®cient of relatedness (r) among all possible dyads. We simulated 1000 replicates of 3 distributions, 1 representing individuals related as ®rst-order relatives (r = 0.5), another representing more distantly related individuals (r = 0.25) and the third representing unrelated individuals (r = 0). All calculations of r and simulations were performed using the KINSHIP program (Queller & Goodnight, 1989) . KINSHIP simulates a distribution for speci®ed values of r using observed population allele frequencies. The allele frequencies used were from a microsatellite data set of 14 adult island foxes captured between 1988 and 1990 in the Central Valley of Santa Cruz Island (Fig. 1) ; these samples had been typed for the same microsatellite loci as the Fraser Point samples and represent an independent estimate of allele frequencies in the island population.
Genetic diversity and population genetic structure Genetic diversity of Fraser Point foxes and of foxes sampled in the Central Valley of Santa Cruz Island was measured as the mean number of alleles per locus and expected and observed heterozygosity. We tested for deviations from Hardy±Weinberg equilibrium using a w 2 test (Pemberton et al., 1995) and assumed that if loci were in Hardy±Weinberg equilibrium that the effect of null alleles was insigni®cant (Paetkau & Strobeck, 1995) . We tested for differences in both the number of alleles and expected heterozygosity between the 2 samples using a Wilcoxon 2-sample test (Sokal & Rohlf, 1981) .
Population substructure was examined and gene¯ow indirectly estimated using Wright's (1951) measure for among-population variance (F ST ), and R ST, an analogue of F ST developed speci®cally for microsatellite loci (Slatkin, 1995) . R ST differs from F ST in that it accounts for the mutation process of microsatellite loci by incorporating differences in allele size, not just frequency, into calculation of the measure. Measures of genetic diversity and tests of Hardy±Weinberg equilibrium were carried out with BIOSYS (Swofford & Selander, 1981) ; F ST calculations and their signi®cance were assessed using the test for population pairwise F ST in ARLE-QUIN (Schneider et al., 1997) ; and R ST calculations and their signi®cance were determined using R ST CALC (Goodman, 1997) .
RESULTS
Spatial distribution and home-range overlap
A total of 6635 radiotelemetry ®xes was obtained for 25 collared foxes. Eighteen adult foxes were monitored continuously over 14 months or until their death, yielding 5734 ®xes from which adult home ranges were estimated. Home-range size for adult foxes across all seasons varied from 0.15 to 0.87 km 2 . Male home ranges averaged 0.41 (n = 8, sd 0.20), 0.44 (n = 8, sd 0.18) and 0.59 km 2 (n = 6, sd 0.14) for the 93, 94, and 95 periods, respectively. Female home ranges were slightly larger averaging 0.49 (n = 6, sd 0.20), 0.48 (n = 7, sd 0.18) and 0.62 km 2 (n = 7, sd 0.15) for the same periods. There was no difference in home-range size between the sexes (Kruskal±Wallis test: H = 1.96, P = 0.16).
Home-range boundaries of adjacent social groups were distinct even after changes in pair composition and shifts in home-range con®guration had occurred (Fig. 2) . Overlap among paired foxes within each social group was always high (mean 0.85, sd 0.05), and, except for a few cases, overlap among individual ranges of neighbouring social groups was low (mean 0.11, sd 0.13); (Fig. 3) . Overlap among pairs was signi®cantly greater than that of neighbours (H = 48.25, n = 129, P < 0.0001), whereas overlap among neighbours of the opposite sex was not signi®cantly different from the overlap of neighbours of the same sex (H = 0.61, n = 110, P = 0.74). Adult foxes that had their home ranges estimated by radiotelemetry, and were captured > 20 times (n = 16), were captured 97% of the time (n = 569 captures) within the boundaries of their telemetry delineated ranges. This is signi®cantly greater than the expected percentage of 95% (w 2 = 4.85, P < 0.05).
Group organization and temporal dynamics
The Fraser Point population consisted of social groups (SGs) generally having a single adult male/female pair with occasional offspring of either sex. Group composition changed throughout the study period as a result of mortality or dispersal. During period 93, the 14 radiocollared adults were distributed in six social groups (Fig. 2a) . Five groups consisted of an adult male/female pair and one group included three adult males and a single adult female. The latter appeared to be a family unit as each adult was highly related to one or more group members (mean r = 0.67, sd 0.16). During the 1993 reproductive season, eight pups (6 M:2 F) were born to three of the six social groups. Group organization changed slightly in the 94 period as offspring from two adjacent territories formed a territory (SG 7) between that of their parents, and a single adult female was replaced after she was killed by a golden eagle Aquila chrysaetos (SG 6a) (Fig. 2b) . In addition, several offspring from the 1993 reproductive season either disappeared or dispersed, and a single adult male from SG 6 also dispersed (see below). Thus in the 94 period, 16 adult foxes were distributed as seven social groups. Five groups consisted of an adult male/ female pair with two groups (SGs 1 & 6a) having an additional adult male. One male was an offspring from the previous year (SG 1) and the other male was an old adult (SG 6a). These seven groups produced eight female offspring in the 1994 reproductive season. (September 1994±December 1994 . Alphanumeric codes identify social group (e.g. SG 1) or the number and sex of offspring born to that social group in that period (e.g. 3M). Only male home ranges are depicted for clarity.
Group organization changed considerably in the 95 period as a result of golden eagle predation (Roemer, 1999) . Three paired males were killed, changing the composition of these three groups. Six groups were present, three consisting of a single adult male/female pair (SGs 1, 6a & 7a), two consisting of an adult male/ female pair and an extra sub-adult female offspring (SGs 2 & 4a), and one group (SG 5a) consisting of an adult male, two adult females and a subadult female (Fig. 2c) . Two female pups were born to a single adult male/female pair of SG 5a in the 1995 reproductive season. However, by September 1995, 12 of these 17 foxes had been killed by eagles, and one disappeared, so that by the end of the study none of the social groups remained intact.
Paternity
We genotyped 62 individuals for 10 microsatellite loci and evaluated paternity for 18 offspring born to the foxes from the 11 social groups, and nine offspring born to other marked, but uncollared foxes. Of 298 paternity comparisons for which the mother was known, we excluded 256 potential fathers (85.9%) and unambiguously assigned paternity for eight of the 18 offspring. One hundred and eighteen exclusions were made in these eight offspring, of which only 10 (8.5%) were made with a single locus. The mean number of loci used to exclude a candidate male in the eight successful determinations was 3.1 (sd 0.8). Seven of the eight unexcluded males occupied the same territory as their assigned offspring. The eighth male occupied a neighbouring territory suggesting an extra-pair fertilization (EPF). In chronological order, the exclusion probabilities across all loci [PE(C)] for each year were 0.81, 0.84 and 0.82. However, the probability of excluding a single ®rst-order relative, Erel, was much lower, equalling 0.55, 0.57 and 0.55 for each year, respectively.
For the remaining 10 offspring, the number of unexcluded males varied from two to nine, and averaged 3.4 (sd 2.3). In each, the presumed father was one of the unexcluded males. For ®ve of the 10 offspring, the presumed father had the highest LOD score, two of which were signi®cant at the 95% level, representing two more monogamous matings. Of the remaining eight pups, ®ve males were selected as fathers at the 80% level representing three monogamous matings and two EPFs. Paternity of the last three pups was unresolved. The two offspring that resulted from EPFs at the 80% level were both sired by a neighbouring male. In one, the mother was from SG 3 and the father was from SG 5. After her mate was killed, the mother± daughter pair of SG 3 moved into the territory of the putative father of SG 5 forming SG 5a (see Fig. 2b  & 2c) .
For the nine offspring not from the 11 social groups, parents were identi®ed by exclusion for two offspring, and the mother by exclusion and the father by the LOD approach for two more offspring. Paternity of the remaining ®ve offspring was unresolved. One offspring (ID F6B) was due to an EPF between a male fox (ID C3B) from SG 1 and a neighbouring female (ID A9G). Interestingly, male C3B was the same individual involved in the only other EPF identi®ed by exclusion. The EPFs by male C3B occurred in different years and involved different neighbouring females. In summary, paternity was assessed for 27 pups. Paternity was determined by exclusion for 10 individuals (37%), and inferred by maximum likelihood for three (11.1%) and six (22.2%) individuals at the 95% and 80% level, respectively. We could not resolve paternity of eight (29.6%) pups. Twelve matings (63%) were monogamous matings, four (21%) were EPFs and three (16%) were of unknown social relationship.
Genetic diversity, inbreeding and an evaluation of the coef®cient of relatedness
None of the loci in the Fraser Point sample deviated signi®cantly from Hardy±Weinberg equilibrium, and only locus 279 deviated signi®cantly from Hardy± Weinberg equilibrium in the Central Valley sample w 2 = 15.3, P < 0.001; Table 1 ). The mean number of alleles and mean heterozygosity were not signi®cantly different between the two samples (mean number of alleles Z = 1.18, P = 0.24; mean heterozygosity: Z = 0.15, P = 0.88; Table 1 ). Thus we conclude that the distribution of microsatellite alleles in these two localites are suf®ciently similar such that the Central Valley sample can be used as a standard for comparing relatedness estimates among individuals from Fraser Point.
We simulated distributions of the coef®cient of relatedness (r) from the Central Valley sample to compare with r values for ®rst-order relatives determined through paternity analyses, and to evaluate relatedness among mated pairs from Fraser Point. We considered any value of r < the 50th of 1000 ordered values (r = 0.015) of the related distribution (mean 0.49, sd 0.25, range 70.33 to 1.0) to represent unrelated individuals, and any value of r > the 950th ordered value (0.52) of the unrelated distribution (mean 0.006, sd 0.31, range 70.77 to 0.86) to represent related individuals ( Fig. 4) . Consequently, values of r between 0.015 and 0.52 were considered of unknown relatedness. The mean r for ®rst-order relatives determined through exclusion and likelihood approaches (employing both the 95% and 80% signi®cance levels) was 0.48 (sd 0.28, range 70.1 to 0.9, n = 38). Nineteen (50%) of the 38 values were above the 95% limit value (r = 0.52) for relatives. The mean r for ®rst-order relatives determined by 80% likelihood was 0.59 (sd 0.3, range 70.1 to 0.89, n = 11). Additionally, the observed values of r were not signi®cantly different from the simulated distribution of ®rst-order relatives but were signi®cantly different from the simulated distribution for both distant relatives (r = 0.25) and for unrelated individuals (Table 2 ; Fig. 5 ; P < 0.05). These results support our paternity analyses and suggest that the relationships determined using the exclusion and likelihood approaches are valid.
The mean r for adult male/female pairs was 70.09 (sd 0.36, range 70.69 to 0.55, n = 15). Ten (67%) of these r values were less than the lower limit value for unrelated individuals (r = 0.015). In addition, these empirically derived values were not signi®cantly different from the simulated distribution of unrelated individuals but were signi®cantly different from the simulated distributions of both ®rst-order relatives and distant relatives (Table 2; Fig. 5 ). These ®ndings indicate that most pairings were between unrelated foxes. However, four pairings had high r values (0.19, 0.35, 0.35 and 0.55). One value was greater than the limit value for relatives (r = 0.52) suggesting that some matings may involve relatives.
Thus, island foxes are distributed as adult male/ female pairs with highly overlapping territories that are distinct from the territories of other pairs. In 11 of 15 pairs, the coef®cients of relatedness between pairs were either near or less than zero, suggesting that most pairs were unrelated. The low relatedness between paired foxes was further supported by comparing empirical estimates of r to simulated distributions of r from an independent sample of the island population. These results imply that inbreeding avoidance is common in the Fraser Point population, although at least one pairing of close relatives seems to have occurred. Genetic analyses of paternity and relatedness revealed that c. 21% of all successful matings resulted from EPFs. a All comparisons used equal sample sizes based on the sample size of the empirically derived values (mated foxes, n = 15; ®rst-order relatives, n = 38). Sample sizes were drawn at random from the simulated distributions each with a sample size of 1000. b The number of tests out of 100 total that were either non-signi®cant (NS) or signi®cantly different (SD) at P < 0.05. c Of the eight tests that were signi®cantly different, the rank sum of the mated foxes was always less than the rank sum for the simulated distribution of r. This indicates that the empirically derived distribution is shifted downwards with respect to the simulated distribution. Parent±offspring relationships so deduced were also supported by comparison to simulated distributions. Additional adults inhabited pair territories on six occasions. In three instances, the additional adult members were offspring from the previous year. In another instance, the relationship among the four adult members of a group were not known but their average r was 0.67 (sd 0.16, n = 6 comparisons) suggesting that this group was a family. Twice, foxes from different territories moved into existing territories creating groups made up of a single adult male and more than one unrelated adult or sub-adult female. In SG 4a the male was related to a mother±daughter pair by r values of 70.26 and 70.13, respectively, and in SG 5a the resident male had a higher relatedness to his known mate (r = 0.35) than to the mother of the pair that immigrated into his territory (the male's relationship to the mother±daughter pair was 0.07 and 0.4, respectively). Additionally, this male was involved in an EPF with the adult female that he accepted into his territory. These results show the presence of potentially polygynous groups, and along with the con®rmed EPFs, reveal that polygamous relationships exist in island foxes.
Population substructure
The mean relatedness between all adult females (r = 70.15, sd 0.43, n = 55) and between neighbouring adult females (r = 70.17, sd 0.44, n = 20) in 1993 was lower than the mean relatedness between all adult males (r = 0.02, sd 0.41, n = 120), between neighbouring adult males (r = 0.02, sd 0.38, n = 42), and between males and females whether they were neighbours (r = 70.03, sd 0.41, n = 52) or not (r = 70.03, sd 0.43, n = 176). None of these distributions was signi®cantly different from each other and there was no association between relatedness class and sex, nor was there an association between relatedness and being a neighbour (w 2 test, P > 0.1 in all comparisons). Apparently, foxes were as likely to settle near a relative of the same or opposite sex, or near a relative or non-relative. Consequently, settlement decisions seem not to be in¯uenced by relatedness.
R ST values between Fraser Point and the Central Valley differed little among the 3 years and all were signi®cantly different than zero (permutation test, P < 0.01) ( Table 3) . F ST values were slightly greater than the R ST values, differed little among the 3 years and also were signi®cantly different than zero (permutation test, P < 0.0001). The number of migrants per generation (Nm) estimated from the R ST values were slightly less than two, but slightly greater than two for corresponding F ST values (Table 3) . F IS and F IT values were positive indicating that there is inbreeding within a group of individuals relative to the subpopulation to which it belongs, and among individuals relative to the total population (Table 3) . Positive values for both statistics suggest the accumulated effects of inbreeding resulting from matings between remote relatives at all levels of the population hierarchy (Hartl & Clark, 1997) . Because observed matings mostly involve unrelated individuals (see above), inbreeding is probably the result of matings among more distant relatives re¯ecting the effects of small dispersal distance and ®nite island area.
Dispersal
Of the 18 individuals born to the radio-collared adults, most either disappeared (n = 5) or were killed (n = 7) by golden eagles before dispersal (Roemer, 1999) . Three of six offspring that successfully dispersed subsequently were also killed by golden eagles. Five individuals (three males and two females) dispersed to areas within the study site (mean 0.99 km, sd 0.61) and one male dispersed 3.58 km from the study site. Five individuals (three males and two females) dispersed in their ®rst year and one male dispersed when he was 18 months old. Two adult males also dispersed, one within the study site (0.16 km) the other off the study site (3.24 km). Mean dispersal distance for all eight foxes was 1.39 km (sd 1.26, range 0.16 to 3.58 km). Two mother±daughter pairs shifted their ranges considerably after the death of the resident male. Only one of the widowed females paired, with her range centre shifting 0.51 km. Three transient adult foxes (two males and one female) were also captured within the area delineated by the territories of the 11 social groups; one of these males became resident in 1996.
DISCUSSION
Dispersal distance, home-range size and density
Island foxes disperse less frequently and over shorter distances than mainland canids of similar size. Longrange dispersal was not observed and is dif®cult considering the small size of Santa Cruz Island. Over the 2-year period, only one (17%) of six juvenile island foxes successfully dispersed from its natal area. Tullar & Berchielli (1982 , c.f. Fritzell, 1987 found that 63% of juvenile female and 73% of juvenile male grey foxes left their natal area. Dispersal distances of male and female island foxes were also extremely limited compared with mainland fox species. In Alabama, Nicholson, Hill & Briggs (1985) recorded a mean dispersal distance of 15 km (sd 9.5) for three male grey foxes. The kit fox Vulpes macrotis, a North American canid similar in size to the island fox, has an average dispersal distance of 11.1 km (n = 47, range 1.7±31.5) (O'Farrell, 1984) . The longest recorded dispersal distance for a grey fox is 84 km (Sheldon, 1953) and for the kit fox is 64 km (O'Neal, 1985) but may be as large as 120 km (Daneke, Sunquist & Berwick, 1984) . Although our sample size is small, island foxes dispersed an average of 1.39 km (sd 1.26) with the longest dispersal distance recorded being < 4 km. The maximum distance an island fox on Santa Cruz Island could disperse is 38 km, the total length of the island. Additionally, we observed signi®-cant genetic subdivision between two sampling sites separated by only 13 km, suggesting restricted gene¯ow (Nm = 1.6±2.5). Similar values of Nm are found between populations of mainland canids separated by several hundred kilometres (Mercure et al., 1993; Roy et al., 1994) . Finally, in well-studied canids, such as the red fox V. vulpes, a sizeable proportion of the population are long-range dispersers. In the mid-western United States nearly 10% of all dispersing red foxes travelled > 100 km (Storm et al., 1976) . Alternatively, it is possible that the low dispersal distances observed were a consequence of a high rate of territory vacancy caused by increased predation mortality by golden eagles. Golden eagles were linked to 19 of 21 fox mortalities and contributed to a 14-fold decrease in fox density that eventually led to the extirpation of the study population (Roemer, 1999) .
However, of the six foxes that dispersed, ®ve dispersed before the ®rst fox mortality, which occurred in May 1994. Further, during the ®rst 17 months of the study, when foxes were either trapped or located with telemetry bi-weekly, only ®ve foxes were known to have died (Roemer, 1999) . Predation mortality by golden eagles actually increased after this period of intensive monitoring with 14 foxes being killed in the ensuing 9 months. Although predation by golden eagles increased territory vacancy and created instability in a previously stable territorial system, these effects occurred after most (83%) of the observed dispersals (Roemer, 1999) .
The pattern of more limited dispersal in island foxes is similar to that observed in island populations of rodents. Island deer mice Peromyscus maniculatus show reduced dispersal rates compared to their mainland counterparts (Sullivan, 1977) and microtine rodents living on islands disperse shorter distances than their mainland relatives (Tamarin, 1977) . In the island fox, an insular existence has had a dramatic effect on dispersal distance and frequency, which results in higher levels of genetic subdivision and potentially in¯uences relatedness within populations (see below).
Insular species are expected to have home-range sizes smaller than their mainland counterparts because resource densities are typically higher in insular systems (Stamps & Buechner, 1985) . Island foxes have one of the smallest average home-range sizes of any canid. In this study, seasonal home-range size for adult island foxes varied from 0.15 to 0.87 km 2 , whereas annual home-range size averaged c. 0.55 km 2 . These estimates are similar to the average home-range size of 0.34 km 2 reported previously for island foxes on Santa Cruz Island (Crooks & Van Vuren, 1996) . By contrast, average home-range size of the grey fox varies from 1.07 to 6.76 km 2 (Trapp, 1978; Haroldson & Fritzell, 1984; Greenberg & Pelton, 1994; Harrison, 1997) . The kit fox, an arid-adapted fox that is nearest to the island fox in body-size, has an average home-range size of c. 11 km 2 (Zoellick & Smith, 1992; P. J. White & Ralls, 1993) , over 20 times greater than the island fox. Another canid found in arid regions, Blanford's fox V. cana, is c. 60% of the body size of an island fox yet has an average home-range size of c. 1.5 km 2 (Geffen, Hefner et al., 1992a,b) . Red fox home ranges vary considerably among habitats, from 0.1 to 34 km 2 (Voight, 1987) , and their home ranges are small, < 1 km 2 , in urban areas where resources are both abundant and clustered (Doncaster & Macdonald, 1991; P. C. White, Saunders & Harris, 1996) .
Several factors in¯uence home-range size in mammals including habitat, diet, and energetic requirements (Harestad & Bunnell, 1979; Gittleman & Harvey, 1982) . Using Harestad & Bunnell's (1979) equation for carnivores (home-range size = 0.011 weight 1.36 ) an adult island fox weighing about 1.89 kg (n = 202, sd 0.24) should have a home range of about 3.1 km 2 . Extrapolating from a double logarithmic plot of home-range size and standardized metabolic needs for the family qF F oemer et lFCanidae (Gittleman & Harvey, 1982) , an average island fox social group of 3.38 (n = 13, sd 1.12) as observed should require a home range of c. 1.7 km 2 . However, this estimate declines to 0.35 km 2 if island foxes are considered insectivorous (Moore & Collins, 1995) . The frequency of prey found in the scats of island foxes varies with island and season. Insects were found in 26±90% of all scats, whereas mammal remains were less frequent, found in only 3±32% of all scats (Laughrin, 1977) . On Fraser Point, Jerusalem crickets Stenopelmatus sp. were found in 81%, ground-dwelling beetles in 48%, and mice in 27% of 145 scats examined. Compared with the grey fox, island foxes show less dependence on vertebrate prey (Moore & Collins, 1995 ; but see Garcelon et al., 1999) . Thus, the small home ranges typical of island foxes may be attributable to a more insectivorous diet, which in turn re¯ects the paucity of vertebrate prey on the Channel Islands (Wenner & Johnson, 1980) , and to the high resource density common to insular ecosystems (Macdonald, 1983; Stamps & Buechner, 1985) .
Higher densities are predicted to be characteristic of island vertebrates (Adler & Levins, 1994) . We found that island foxes have one of the highest population densities of any canid. On Santa Cruz Island, densities of seven foxes/km 2 were recorded during the ®rst year of this study (Roemer et al., 1994) but have subsequently declined (Roemer, 1999) . In contrast, on San Clemente Island, densities at three sites have remained relatively constant over 10 years varying from 4.8 to eight foxes/ km 2 (Roemer et al., 1994; Roemer, 1999) . On San Miguel Island, the smallest of the six Channel Islands that have island foxes, densities have varied from near zero to 15.9 foxes/km 2 (Coonan et al., 2000) . Densities of mainland grey fox populations are typically much lower, averaging 1.2±2.1 foxes/km 2 across a range of studies (Fritzell & Haroldson, 1982) .
Island species are predicted to have reduced territoriality relative to mainland conspeci®cs (Stamps & Buechner, 1985) . However, island foxes retain a strict territorial system despite high population density and small home-range size. Ninety-seven per cent of all captures (n = 569) of adult radio-collared foxes were within the boundaries of their delineated home range, and overlap between neighbouring pairs averaged only 11%. Thus, territoriality persists in island foxes despite the increased maintenance costs that would be associated with higher densities (Stamps & Buechner, 1985) .
Mating system, inbreeding avoidance and genetic structure Previous studies on Santa Cruz Island concluded that island foxes were distributed as adult male/female pairs and that they were primarily monogamous (Laughrin, 1977; Fausett, 1982; Crooks & Van Vuren, 1996) . However, these authors did not estimate the extent of monogamy by genetic analysis, or determine if the pair bond was stable all year. In addition, it was unresolved whether island foxes were territorial because estimates of home-range overlap among neighbours were relatively high ( 30%) and the genetic relationships among the study animals was unknown (Crooks & Van Vuren, 1996) .
Our results clearly show that island foxes on the west end of Santa Cruz Island are distributed as socially monogamous pairs that live in discrete territories. Range overlap between each mated pair was always high, averaging 85%, with overlap among neighbours being signi®cantly lower (Figs 2 & 3) . Adult foxes that substantially overlapped the home range of the resident adult male/female pair were usually mature offspring still residing within their parents territory or which had established a territory adjacent to their parents (e.g. SG 7, Fig. 2b ). Socially monogamous pairs occupied the same territory year round and were frequently found resting together. Mated pairs remained together unless one member of the pair died.
Results of the genetic analyses supported the inference based on spatial distribution that island foxes are predominantly monogamous, but polygamous matings were not uncommon. Paternity was established for 16 offspring by exclusion or a likelihood approach; 75% represented monogamous matings and the remainder were EPFs. Predation by golden eagles could have contributed to a higher incidence of EPFs if territorial males were killed before the onset of mating. After losing their mates, territorial females may engage in extra-pair copulations (EPCs) with neighbouring males to avoid losing a breeding opportunity. Of the four pups sired by EPFs, one occurred in 1993, one in 1994 and two in 1995. Half of the EPFs, those occurring in 1993 and 1994, were a result of matings that happened before the onset of predation by golden eagles. Although an increase in the mortality rate of territorial males owing to golden eagle predation could explain the EPFs observed in 1995, it cannot explain those that occurred in prior years.
Further, two social groups consisted of more than one female, suggesting the possibility of polygynous matings (e.g. SGs 4a & 5a, Fig. 2c ). The formation of the polygynous groups was facilitated by the deaths of territorial males owing to predation by golden eagles (Roemer, 1999) . Although the frequency of polygynous groups might be expected to be lower in fox populations with higher adult survival, the fact that such groups form suggests that polygyny could occur whenever territorial males die. Unfortunately, we were unable to monitor these groups during the subsequent breeding season because six of the seven foxes belonging to these two groups died the preceding winter. Regardless, our results suggest that there is reproductive¯exibility in an otherwise monogamous mating system. Small canids are commonly monogamous and exhibit biparental and alloparental care (Kleiman, 1977; Macdonald & Moehlman, 1983; Mock & Fujioka, 1990 ; but see Sillero-Zubiri, Gottelli & Macdonald, 1996) . Island foxes are known to exhibit biparental care (Garcelon et al., 1999) , and analyses of spatial distri-bution (Laughrin, 1977; Fausett, 1982; Crooks & Van Vuren, 1996 ; this study) suggest they are at least socially monogamous. Consequently, the high degree of EPFs in island foxes was unexpected. We suggest that high densities allow for close proximity among unrelated individuals, which favours promiscuity. Male foxes can readily assess the reproductive condition of females (Gorman & Trowbridge, 1989) and because island foxes usually forage alone at night (Roemer, 1999) , there is ample opportunity for individuals to engage in undiscovered EPCs. Genetic assessments of paternity in island fox populations at low and high density, or a comparison to other small foxes that occur at low densities (e.g. Blanford's fox) may help clarify the interaction between density and mating system in small canids.
The population of foxes from Santa Cruz island has about 35% of the genetic variation of foxes from the mainland (Wayne et al., 1991; Goldstein et al., 1999) . Persistent small population size over the 11 500-year history of the Santa Cruz population has resulted in the loss of heterozygosity and allelic variation in both nuclear and mitochondrial genes (Wayne et al., 1991; Goldstein et al., 1999) . Consequently, population ®tness may be reduced and individual ®tness may decrease if inbreeding depression results from matings between close or distant relatives (Lacy, 1997) . If inbreeding depression is a consequence of highly deleterious recessive alleles, this genetic load may be exposed to selection and purged over time (Lynch, 1977; Templeton & Read, 1983) . However, this potential purging of genetic load is dependent on the mechanism of inbreeding depression, and on the history of inbreeding and selection in each population (Lacy & Ballou, 1998) . In the extreme, for monomorphic populations, such as that on San Nicolas Island (Gilbert et al., 1990; Goldstein et al., 1999) , no advantage would accrue from inbreeding avoidance. Santa Cruz foxes seem to avoid inbreeding, however, as mated pairs were not closely related despite the proximity of close relatives to function as mates. Only one of the 11 mated pairs comprised potentially ®rst-order relatives, and the distribution of relatedness among mated pairs is not different from that of unrelated individuals.
Additionally, when island fox offspring disperse, they do not tend to settle near their parents more than expected at random. Foxes from neighbouring territories were not more closely related than those from non-adjacent ones. In contrast, in both African wild dogs Lycaon pictus and grey wolves Canis lupus, individuals from related packs show higher relatedness than expected at random and short-range dispersal events were often to adjoining territories (Meier et al., 1995; Girman et al., 1997) . However, long-range dispersal is common in these large canids (Mech, 1987; McNutt, 1996) and may provide a source of unrelated mates for those that settle near their parents. Because of high density, settlement decisions in island foxes may depend more on the availability of territories than on the relatedness of potential neighbours.
The Central Valley and Fraser Point populations are signi®cantly differentiated and the level of differentiation is the highest recorded for any canid population. F ST and R ST values between Fraser Point and the Central Valley subpopulation 13 km distant were about 0.095 and the number of migrant individuals (Nm) was about two individuals per generation. In coyotes C. latrans and grey wolves, populations several hundred kilometres distant had similar levels of gene¯ow (Roy et al., 1994) . Other small canids, like kit and swift foxes V. velox, show signi®cant population substructure but over a much larger geographic area (Mercure et al., 1993) . Apparently, genetic gradients within island fox populations are steeper re¯ecting smaller dispersal distances. Consequently, the potential for divergence and speciation among island populations is much greater than among mainland populations separated by similar distances.
In conclusion, our data suggest that limited dispersal opportunities of foxes on islands may have had a cascading effect on other aspects of fox demography and social ecology. Because of short dispersal distances and high resource density, home ranges are small, population densities are high, and thus island foxes are in closer proximity than are their mainland relatives. Foxes avoid inbreeding despite this proximity through choosing mates that are not close relatives. Island foxes might be predicted to be monogamous given their territoriality and the general trend toward monogamy in the Canidae that increases with decreasing body size (Geffen, Gomper et al., 1996) . However, polygamy is common in island foxes and may re¯ect the proximity of fox territories as well. Finally, the genetic gradient among fox populations on Santa Cruz Island seems steeper than mainland populations suggesting that smaller dispersal distances on islands result in increased population structure. Therefore, the physical constraint to dispersal imposed by island boundaries, coupled with other factors that are common to island ecosystems (e.g. abundant resources, lack of competition and predation) affects a wide variety of behavioural, demographic and genetic factors including the potential for populations to diverge by genetic drift.
